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ABSTRACT
Stable isotope analysis is commonly used to reconstruct diet and mobility among
archeological populations. The isotopes of carbon, nitrogen, oxygen, and strontium serve
as proxies to reconstruct past plant and protein consumption and to identify where that
food came from, providing a basis for reconstructing patterns of population movement.
Human remains recovered from Chicoloapan Viejo provide information on diet and
migration during the Epiclassic period in central Mexico. The isotope values provide
preliminary information on migration after the collapse of Teotihuacan. A total of 346
skeletal elements from five individuals including two males, two females, and one
unknown adult, represent the burial population from Chicoloapan to date. Carbon,
nitrogen, oxygen, and strontium isotope analysis of the teeth and bones reveal the local
isotopic signatures for Chicoloapan Viejo and set the stage for future research on diet and
migration at the site and in the Valley of Mexico. This study provides new information on
diet and mobility for an important population in the Valley of Mexico and offers new
insight to an under-researched ancient era. New insight demonstrated by local strontium
and oxygen isotope values showed little to no migration between Chicoloapan Viejo and
Teotihuacan. The dietary consumption of primarily C4 resources in both terrestrial plants
and proteins were similar to populations surrounding Teotihuacan, suggesting that there
was a regional diet and that there were not significant local variations.
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INTRODUCTION
Mobility is influenced by climate change, environmental degradation, the search
for resources, and social conflicts, as well as everyday reasons such as marriage or
education. Human population movements have resulted in the exchange of many
important innovations as people spread ideas and new technologies across regions
(Manning & Trimmer 2013). Studying migration patterns in ancient times is closely
related to the understanding of the origin of cultural, social, and technological ideas in the
world today (Beekman, Christensen, Cabana, & Clark 2011:147). However, human
mobility in the past, due to the lack of modern transportation, meant distances traveled
were typically shorter and required more effort and time to be traversed. Despite this,
people still moved.
The city of Teotihuacan was once the largest in Mesoamerica during its peak in
AD 450. This civilization influenced Classic period cultures across Mesoamerica, and its
power resonated throughout the area as it attracted people from all backgrounds to its
ethnic neighborhoods and prospering economy. The powerful capital lasted roughly 750
years before the city was abandoned for reasons that are not well understood. One of the
main questions, however, is the aftermath of Teotihuacan’s fall: Where did the people go?
One of the communities that grew after Teotihuacan’s depopulation was 40
kilometers south called Chicoloapan Viejo. Its society prospered in the years following
the dissolution (AD 600 - 700) as it became a large village. Excavations of Chicoloapan
Viejo revealed a wealth of ceramic and lithic artifacts found among buried homes. This
helped to reveal an increasing population during its urban neighbor’s decline. More
1

recently, human remains of five individuals were discovered, which offers the
opportunity to understand their lives and address key questions: Where did people come
from? Did diet change, and did the bone chemistry values differ from values elsewhere in
Central Mexico?
Isotope ratios in bones and teeth can tell us if Chicoloapan’s residents were
immigrants. By studying what these people ate, we are able to see where they came from.
The relationship between Chicoloapan Viejo’s population growth and the decline of
Teotihuacan can be analyzed through human mobility (Conrad, Helfmann, Zonker,
Winkelmann, & Schütte 2018).We can begin to outline possible migration patterns by
comparing the results to those from surrounding communities using carbon, nitrogen,
oxygen, and strontium isotopes. It is also possible to reconstruct the diets of those living
in Chicoloapan Viejo and detect any variations that could have been present within the
human remains. Variations in diet can be initiated by economic change, changes in sociopolitical circumstances, alterations in climate, and can also stem from personal choice.
Stable isotope analysis offers a method of investigating the fragmentary skeletal
remains from Chicoloapan Viejo in order to reconstruct the lives of archaeological
populations, specifically diet and migration patterns. Stable carbon isotope values (δ13C)
can be used to determine the contribution of particular plant foods to individual diets
(Deniro & Epstein 1978). Stable nitrogen isotope values (δ15N) can be used to
approximate the amount of animal protein consumed (Deniro & Epstein 1981). Stable
oxygen isotope values in human remains can be used to examine migration patterns based
on differences in δ18O values in meteoric water in different environments (White, Spence,
2

Stuart-Williams, & Schwarcz 1998). Stable strontium isotopes (87Sr/86Sr) are analyzed to
recognize the geographic origins of individuals and to detect any evidence of residential
mobility (Storey, Buckley, & Kennett 2019:359).
Research Objective
In this thesis, my approach draws upon established research in both areas of
anthropology and biogeochemical analysis of human remains to link dietary patterns
during an individual’s life with changes in his or her residence. The diets primarily
consisted of common C4 plants such as maize or amaranth, but also likely included CAM
plants such as maguey or agave (Nado 2017; Tapia & Martínez-Yrizar, 2016), as well as
wild game and/or animals that consumed C4 plants. Isotopes may detect changes in diets
that reveal the possible migration of people. However, Chicoloapan Viejo values were
similar to those identified at Teotihuacan residences earlier in time, suggesting that the
main diet in the Valley of Mexico did not change significantly from the Classic to
Epiclassic periods in the same region. In fact, most isotope values were tightly clustered,
suggesting a population local to the region if not the site. There were no statistical
outliers to provide evidence for mobility during any of these individuals’ lives. This
thesis contextualizes the data displaying limited mobility of populations from regions
outside Chicoloapan Viejo and Mesoamerica through isotope analysis. However, it is
important to also consider factors other than migration that may alter diet such as age,
gender, and ethnicity to produce a holistic report.
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BACKGROUND
Stable isotope analysis can reveal patterns of diet and mobility in human
populations. This section first provides an overview of the background of the samples and
the archaeological site, followed by an introduction to stable isotope analysis using
carbon, nitrogen, oxygen, and strontium isotope ratios. Finally, the background will cover
how the stable isotope values collected from teeth and bones are utilized to predict diet
and migration.
The samples came from a farming village found in the Basin of Mexico known as
Chicoloapan Viejo (Clayton 2016). Chicoloapan Viejo is an interesting site because of its
rapid population increase following the collapse of its urban neighbor, Teotihuacan. By
studying five individuals from Chicoloapan Viejo, we can reconstruct diets to determine
whether these people were born locally, or if they migrated from Teotihuacan during its
rapid decline.
Teotihuacan, translated into “Place Where Men Become Gods”, was named
during the Aztec’s domination of central Mexico (Fash, Tokovinine, Fash, Luján, & Bey
2009:201). The large city once found in the Basin of Mexico during the first millennium,
existed from around BC 100 to AD 600 (Cowgill 2015:9). Altogether, it is estimated that
Teotihuacan housed an estimated 125,000 to 200,000 people living within twenty square
kilometers (Cowgill 2015:9, 20).
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Figure 1: Map of Mexico showing the location of Teotihuacan and its empire in relation
to modern day Mexico City, Mexico (Wade 2020:972).
Outside of its capital, its power and influence spanned Mesoamerica. Teotihuacan
interacted with societies as far as 700 miles away (Figure 1). By 400 AD, Teotihuacan
became the most influential city in the region. Its impact on all contemporary and
Mesoamerican cultures can be seen through burial practices, art, and religion (Feinman,
Englehardt, & Carrasco 2019:40). An immediate influence can be seen by studying the
settlements outside of the capital, those primarily located around Lake Texcoco.
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Chicoloapan Viejo is one of these communities. The village, about 40 kilometers south of
the capital, was centuries older than its powerful neighbor. Towards the beginning of
Chicoloapan Viejo’s establishment during the Classic Period ( AD 250 - 600), the
community consisted of mainly farmland along the edge of the Texcoco region (Clayton
2016:109).
However, despite its impact on Mesoamerica, its sudden decline remains a
mystery. The central portion of the city was burned between AD 550 and 600 and the
ruins now lie 45 kilometers away from modern-day Mexico City (Cowgill 2015:1, 13).
The collapse of Teotihuacan could have stemmed from a diversity of factors such as
environmental, economic, social, or political conflicts (Clayton 2016:109). With its
mysterious collapse, a new era was ushered in - the Epiclassic Period. Lasting from AD
600 - 900, the Epiclassic Period was a time of prosperity from the vantage point of
Chicoloapan Viejo (Figure 2). Its settlement spread rapidly across Chimalhuacan,
Chicoloapan, and Ixtapaluca over the course of a few generations while the population
grew from a few hundred to 6,000 - 12,000 people (Clayton 2016:109).
While Chicoloapan Viejo artifacts excavated from the western area of the site are
relatively well preserved, practical problems such as encroachment by modern
urbanization threatens future excavations. The northern portion of the archeological site
has been mostly destroyed (Clayton 2016:109). The human remains that are the focus of
this thesis were discovered by a group of miners in the vicinity of Chicoloapan Viejo in
the community of Coatepec. There was a minimum of five individuals identified among
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the 346 skeletal elements (O’Brien 2017). An additional individual was discovered in the
lab at the University of Mississippi.

Figure 2: Map showing the proximity of Teotihuacan to Chicoloapan Viejo (Clayton
2016:106).
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Principles of Stable Isotope Analysis
Carbon, nitrogen, oxygen, and strontium isotopes are useful for reconstructing
migratory patterns through analysis of an individual’s diet. Each element is incorporated
into human body tissues that reflect food choices as well as where the food was grown.
Teeth serve as proxies for childhood behavior as they form from infancy to late
childhood, while bone that continuously remodels reflects adult behaviors. Comparing
average isotopes in human tissues to those of surrounding locations can potentially
indicate a person’s origin.
Isotopes
Isotope refers to elements sharing the same number of electrons but different
numbers of neutrons at the same location on the periodic table. Isotopic compositions of
elements such as carbon, nitrogen, oxygen, and strontium are often expressed as ratios
comparing common to rare stable isotopes. Stable isotopes do not decay over time. Delta
(δ) is used to denote the deviation of ratio from a reference standard expressed in parts
per thousand (‰). Reference standards for carbon come from Vienna-Pee Dee Belemnite
(VPDB). Nitrogen reference standards come from Atmospheric Nitrogen (AIR).
Reference standards for oxygen can come from Vienna-Standard Mean Ocean Water
(VSMOW) or VPDB. Finally, the standard for strontium is found by using SRM-987
(Bartelink & Chesson 2019).
Isotopic Fractionation
Changes in isotopic ratios between products and substrates found in human
tissues are referred to as fractionation (Schwarcz & Schoeninger 1991). Fractionation
8

must be considered when analyzing some isotope ratios since there may be an offset of
stable isotope ratios from the values of the actual diet. It is important to note that the
degree of fractionation may vary depending on the tissue sampled (Streuli 2016:9).
Fractionation may result from weaning and the inclusion of solid foods in later forming
teeth (Freiwald 2011). Oxygen, carbon, and nitrogen fractionate as the element moves
through the trophic levels of the food chain. Trophic level shifts occur between
consumers. Legumes are 0‰, with higher values in animals, and people who consume
them. Carnivores hold the highest trophic level. Fractionation of strontium isotope values
is not great enough to affect values, therefore, it is not used in this account. The isotopic
compositions of human tissues are similar to those of the food and the soil it is grown on.
Stable carbon and nitrogen isotopes can be used in an attempt to reconstruct the
ancient diet through differential fractionation caused by chemical processes such as
atmospheric carbon dioxide during photosynthesis and metabolism (Radhakrishnan
2011). Carbon and nitrogen each have two stable isotopes, 12C, 13C, 14N, and 15N
respectively. 12C and 14N are the most common isotopes found in nature and small
variations in ratios (12C/13C, 14N/15N) can be measured using isotope ratio mass
spectrometry. These results yield high precision isotope measurements, denoted by δ13C
and δ15N, relative to the internationally recognized standards (Bartelink & Chesson
2019).
18O/16O

isotopic ratios are denoted by δ18O. The oxygen ratio differs from C and

N because it fractionates by weight. Due to weight difference between isotopes, δ18O

9

decreases with increasing altitude and greater distance to the coast (White, Spence,
Longstaffe, & Law 2000:2).
Carbon
Carbon stable isotope (δ13C) ratios represent the ratio of heavy isotope to light
isotope that is present in the sample. Using stable carbon isotopes to reconstruct diet is
based on the principle that δ13C ratios found in human bone will display the δ13C ratios of
the plant foods they consumed. Stable carbon isotopes differentiate between plants that
follow different photosynthetic pathways. δ13C ratios vary in C3, C4, and Crassulacean
acid metabolism (CAM) plants. Bone δ13C ratios reflect the δ13C ratios of plants that are
taken in by humans, who are secondary consumers (Streuli 2016:10). Variations among
plant species can aid in determining possible migratory patterns by analyzing stable
carbon isotope values collected in tooth enamel (White, Storey, Longstaffe, & Spence
2004:178).
More specifically, C3 plants use the Calvin Cycle and typically consist of trees,
shrubs, and grasses (Deniro & Epstein 1978). These plants exhibit an average δ13C value
of -27‰ (Kohn 2010:19692). Narrowing our focus to Mesoamerica, the most negative
carbon stable isotope values come only from the C3 pathway. During this time period,
most wild plants, trees, nuts, fruits, and vegetables used by the Maya were C3 plants
(White, Storey, Longstaffe, & Spence 2004:178).
C4 plants use the Hatch-Slack photosynthetic pathway that predominantly
includes tropical grasses such as maize (Storey, Buckley, & Kennett 2019:358). These
plants exhibit an average δ13C value of -14‰ (O’Leary 1988:328-336). CAM plants
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include succulents that have been found to adapt to drier, more arid climates. These plants
in obligate form exhibit an average δ13C value of around -11‰ but can be as low as
-27‰ when the CAM plants are facultative (O’Leary 1981:553-567). Facultative
crassulacean acid metabolism (CAM) is the optional use of the CAM photosynthetic
pathway. This is typically used when enduring conditions of drought stress. Otherwise
plants would utilize the C3 or C4 photosynthetic pathways (Winter & Holtum, 2014).
Carbon isotopes found in bone collagen denoted by δ13Cco, represent the
difference between bone collagen and diet (Ambrose & Norr 1993:1). Collagen reflects
protein portions of one’s diet (Ambrose & Norr 1993:27) because dietary proteins are
preferentially routed to bone collagen (Ambrose & Norr 1993:2). The isotope ratios can
aid in reconstructing an individual’s diet throughout life.
Carbon stable isotopes found in collagen reflect the trophic level on the food
chain as the δ13C values of plants being consumed are transferred to the consumer. There
is a 5‰ difference found between the food and the collagen isotope values. A l‰
difference is observed as one shifts from each tropic level to the next (White, Storey,
Longstaffe, & Spence 2004:178). Therefore, the δ13C values indicate the actual plants
consumed, but it also shows the trophic level cascade from plants, to animals, to humans.
However, bone collagen δ13C values do not directly reflect the types of proteins the
animals consumed, so it doesn't reflect the total amount of carbon in the diet
(Schoeninger & Deniro 1984).
Carbon isotope values from carbonate are found in bone apatite and denoted by
δ13Cca, representing the difference between bone apatite and diet (Ambrose & Norr
11

1993:1). Bone apatite presents C through dietary energy sources from the entire diet, not
just protein sources (Price, 2014). It would be the most useful in determining the
proportion of maize in the diets of Individuals A - E from Chicoloapan Viejo. Carbonate
found in bone apatite is found in two forms. One form is absorbed carbonate, which
occurs on a crystal surface and can rapidly exchange in living organisms. This phase of
carbonate is also the most susceptible to diagenetic alterations. The second form of
carbonate is structural. This rigid, lattice carbonate structure is more resistant to
diagenetic alterations over time. It also has a lower rate of turnover in living organisms
(Ambrose & Norr 1993:9). Utilizing both phases of carbonate is essential for dietary
reconstructions of Chicoloapan Viejo’s residents.
Nitrogen
Stable nitrogen isotope values located in human bone collagen reflect dietary
nitrogen. Unlike carbon, nitrogen is derived primarily from proteins in plant and animal
matter (Deniro & Epstein, 1981). The nitrogen found from the protein in plants is
matriculated from the soil and surrounding atmosphere. Plants growing in more arid
conditions are found to have elevated δ15N values than those plants that grow with more
moisture available (Koch, Michener, & Lajtha 2007:35-38).
Other than environmental conditions, trophic levels also affect stable nitrogen
isotope values. The more animal protein that a person consumes, the higher the δ15N
values (Tsutaya, et al. 2016). Due to protein digestion, stable nitrogen isotopes found in
bone collagen increase incrementally by around 1‰ between trophic levels (Storey,

12

Buckley, & Kennett 2019:358). This is essential in distinguishing between a diet of
terrestrial and marine foods. Marine diets have observed the highest δ15N values.
Oxygen
Stable oxygen isotopes are commonly used to identify the migration patterns of
people based upon the variation of δ18O values in meteoric water in different
environments (White, Spence, Stuart-Williams, & Schwarcz 1998). δ18O isotopes are
incorporated into tooth enamel and bone apatite. Oxygen isotopes are useful for
determining geographical locations because human tissues reflect the water they imbibe.
By tracing this, it can show us the physical and climatic environment that the resident
lived in (White, Storey, Longstaffe, & Spence 2004:177).
Oxygen isotopic compositions of meteoric water (δ18Ow) are found to vary from
influences such as temperature, humidity, elevation, distance from the sea, and latitude.
While it is most common to measure the oxygen isotopes stemming from the water one
imbibes, it is also possible to determine oxygen isotopes from water and organic matter
found in food, metabolic water found in food, metabolic water derived from food, and
inhaled oxygen (Streuli 2016:12).
Strontium
Strontium (87Sr/86Sr) isotope variation stems from the type of local bedrock
deposit, its age, and how it reacts over time to weathering. Weathering leads to the release
of strontium from bedrock into the environment. From here, it is absorbed by plants and
then ingested by animals from their food (Bartelink & Chesson 2019). Therefore, it can
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be used to reconstruct the past migration of people and animals in reference to a
particular place.
There are four naturally occurring strontium isotopes in the environment. 87Sr is
radiogenic and produced by the slow radioactive decay of rubidium (87Rb). The
abundance of 87Sr varies according to the age and composition of local bedrock minerals.
Geologically older igneous and granitic formations have high levels of 87Rb and are
found to be enriched in 87Sr (87Sr/86Sr > 0.750). Geologically younger volcanic basalts,
rhyolites, or andesites are found to contain less enriched 87Sr levels (87Sr/86Sr ≈ 0.702–
0.704). Marine carbonates and metamorphic formations generally have intermediate
values between older and younger geological formations (Pacheco-Forés, Gordon, &
Knudson, 2020).
Strontium isotopes have strong regional variations (Nakano 2016). These isotopes
are vital in comparing values collected from samples to those of a specific place or
region. Strontium isotopes (87Sr/86Sr) are analyzed to recognize the geographic origins of
individuals and to detect any evidence of residential migration (Bartelink & Chesson
2019).
In relation to this research, non-mobile individuals’ 87Sr/86Sr ratio should match
the strontium composition of their habitat. Variability among strontium isotopes on the
earth’s surface are deposited into hard tissue of its inhabitants. Tissues form at different
ontogenetic stages, allowing us to see a person’s changes in residence from analyzing
their bone and dental samples (Bartelink & Chesson 2019).
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Bone chemistry is the most common method for identifying basic migrations and
dietary patterns of civilizations. Stable isotope analysis can tell the story of a person’s
life, for we are what we eat. The central assumption in understanding stable isotope
analysis is that chemical signatures in plant and animal species are incorporated into
skeletal tissues when directly ingested by humans (Storey, Buckley, & Kennett
2019:358). Isotopes can be obtained from any body tissue; however, teeth and bones are
most commonly used due to their preservation over time. From the samples, stable
isotope analysis for carbon, nitrogen, oxygen, and strontium can offer a glimpse into the
people of Chicoloapan Viejo’s lives.
Teeth
Teeth are important in research because they provide information on age, sex, health, and
diet of former civilizations (White & Folkens 2005:127). A tooth’s dense bone-like
structure is known as dentin, and it surrounds the pulp cavity and connects the tooth to
the bone. A crown of hard enamel covers the tooth, and unlike bone, does not remodel
after it mineralizes during infancy and childhood. Teeth form within the jaw before
erupting through the gum once nearly mature, finishing growth by adolescence. Studying
dentition is important because teeth are resistant to chemical and physical destruction
over time due to their nonporous surfaces (Storey, Buckley, & Kennett 2019:359). Tooth
wear, or attrition, breakage, or demineralization are the only ways enamel can be altered.
These alterations also tell a story of an individual’s life.
Tooth enamel maintains the isotopic signature of the age that it formed
(Radhakrishnan 2011). This makes it possible to identify individuals who relocated over
15

the course of their lives and at approximately what age. Its formation begins in the first
molars during the in utero period. Infants are not born with teeth, but rather deciduous or
“milk teeth” erupt from six months to around two years old. Permanent teeth for humans
begin to appear in the oral cavity around the six year mark and replace the deciduous
teeth around the age of twelve. Chronologically, the first molar appears from six to seven
years old. The second molar erupts around the age of twelve. Finally, the third molar, or
wisdom tooth, may emerge from seventeen years old or anytime thereafter if they emerge
(or form) at all. While teeth continue to emerge, adolescence ends the period of tooth
enamel formation. The enamel is cell-free tissue; therefore, it does not undergo turnover
after formation (O’Rahilly & Müller 1983).
Sr, O, and C isotopes in tooth enamel can provide a record of what types of plants
and animals were consumed during the person’s infancy and childhood. Enamel is used
preferentially over dentin, which remodels over a person’s lifetime. Secondary or tertiary
dentin can be retained from childhood and is utilized in collecting collagen for isotopic
analysis (Tsutaya, et al. 2016). Tooth enamel allows bioarcheologists to secure the isotope
signatures developed from the food and water consumed during early childhood, late
childhood, and adolescence. Besides carbon (plants and proteins) and oxygen isotopes
(water), strontium isotopes can be analyzed from tooth enamel to determine geographic
origins for an individual.
Bone
Bone is analyzed to discover dietary consumption patterns. Bone contains two
portions, an inorganic hydroxyapatite portion and an organic collagen portion (Streuli
16

2016:9). The tissue in bone constantly changes over one’s lifetime. With constant
changing and remodeling, bone reflects not only diet, but also the place of residency later
in life (Price 2014). There is a faster turnover rate of bone found in younger individuals in
contrast to aging individuals. The bone itself is comprised of both collagenous and noncollagenous proteins. Collagen, however, is composed of nonessential and essential
amino acids. These essential amino acids come from the dietary proteins found from
human consumption (Bartelink & Chesson 2019).
Intermediate periods are not “horizons” or “sunsets” of a society (Clayton
2016:107). However, these eras offer important information on understanding these
civilizations, which is unveiled through stable isotope analysis. By using stable isotope
analysis and taking into consideration things such as fractionation and trophic levels, we
are able to holistically look at dietary and migratory patterns in the samples collected
from Chicoloapan Viejo. The collected data would allow for people today to reconstruct
lives of people in Epiclassic and understand diversity in the region and how it changed
over time.
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METHODS
This section covers the methods used to conduct this research. It begins with
laboratory methods for both tooth enamel and the two types of bone analysis used. The
section will discuss diagenesis, and then will describe the samples used in the study.
Tooth and bone samples from six individuals were recovered by a group of miners
prospecting near the Chicoloapan Viejo site in the community of Coatepec (personal
communication from Sarah Clayton). The remains were not collected though a controlled
archaeological excavation, so the original context was lost, but several small, ceramic
shards displaying potential Epiclassic period style suggest the individuals date to that
period.
The remains were received by the Proyecto Arqueológico Chicoloapan Viejo
(PACV) during the 2016 field season and were analyzed by University of WisconsinMadison undergraduate student Kaedan O’Brien in the Chicoloapan field lab in Mexico.
There were a total of 346 skeletal elements, and 152 were identified to be bone element
by O’Brien (2017), who identified a minimum of five individuals of different age and sex
based on repeated bone elements. The remains that the prospectors collected were those
least susceptible to diagenesis and easiest to identify as human remains and collect,
including long bones such as humeri, femora, and tibiae, ribs, the complete skull of a
young female, and mandibles with teeth intact.
The samples were exported with the permission of the Instituto Nacional de
Antropología e Historia (INAH) in Mexico City to UW-Madison where they were curated
by Sarah Clayton. For the purposes of this research, body tissues were handled with care
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to avoid destroying the remains. They were first photographed and catalogued into a
database before continuing with the collection of enamel, apatite, and collagen.
Tooth Analysis
Enamel samples taken from the surface of the tooth were prepared using a
variable speed dental drill equipped with a diamond burr to remove the visible surface
contamination and dentin. A 5 mg enamel chip was removed from the prepared tooth
using a diamond disc. The chips were ground into a powder using an agate mortar and
pestle. Then the powder was placed in individual tubes, labeled, and sent to collaborating
labs to process.
Tooth Enamel - Strontium Isotope Ratios
87Sr/86Sr

values were obtained using isotope dilution thermal ionization mass

spectrometry (TIMS) performed by a VG Sector 54 housed at the Isotope Geochemistry
Lab at the University of North Carolina at Chapel Hill under the supervision of Ryan
Mills. The samples were each dissolved in 3.5 M of HNO3. The strontium was purified
using an Eichrom Sr-Spec resin. Samples were loaded on a single rhenium filament in a
phosphoric acid and tantalum chloride solution. The loaded filament was analyzed on a
VG sector 54 as a metal in dynamic multi collector mode with 88Sr=3V. The strontium
isotope ratios were corrected for mass fractionation using an exponential law and then
normalized to 86Sr/88Sr = 0.1194. Further analyses of the NBS 987 Sr standard produced
87Sr/86Sr

= 0.710250 ± 0.000015 (2σ, n = 20) (Price, Burton, & Bentley 2002).
Tooth Enamel - Oxygen and Carbon Isotope Ratios
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The oxygen and carbon isotope analysis was processed at the Environmental
Isotope Laboratory at the University of Arizona, supervised by David Dettman. Tooth
enamel was first washed in 0.2 M acetic acid for 1 - 2 hours. The samples are rinsed three
times with distilled water, dried, and powdered. They were each measured against δ18O
using reference values with an automated Finnegan Delta S VG602C mass spectrometer
with an analytical precision of 0.11 and 2σ = 0.08. Standards for this include Standard
Mean Ocean Water (SMOW) and VSMOW. δ18O was measured relative to the SMOW as
followed:
δ18O = 1000 x [((18O/16O) sample)/(18O/16O) SMOW) -1]
δ13C is measured relative to marine carbonate standard PeeDee Belemnite (PDB). Ratios
are expressed as:
δ13C = 1000 x [(13C/12C) sample – (13C/12C) standard)/13C/12C standard]
(Craig 1957).
Bone Analysis
For this research, bone was studied using carbon, nitrogen, and sulfur isotope
ratios in collagen, and the carbon and nitrogen isotope data are presented here. These
provide information mainly on the protein components of the diet. Carbon isotope ratios
in bone apatite provide information on carbon in the whole diet. The values were
processed at the Stable Isotope Core Laboratory at Washington State University (WSU).
Apatite Carbon Isotope Ratios
WSU staff processed the bone apatite samples with a two-holed needle using a
robot with a syringe concept CTC Analytics GC PAL Autosampler with a
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ThermoFinnegan GasBench II (Bremen) interface. Multiple gas species were separated at
40 degrees Celsius using a 25 mm by 0.32 mm ID GC column. Varian and PoraPLOT Q
were columns analyzed with a continuous flow isotope ratio mass spectrometer (Delta
PlusXP, Thermofinnegan, Bremen). The final delta values are based on the average of 5
sample peaks from the results. Up to two outliers are removed from this average each
time a vial is sampled. Isotopic reference materials are interspersed among the samples
for the purpose of accurate calibration. Solid samples and reference materials were
converted to pure carbon dioxide by digestion. This biological process occurred from 100
% phosphoric acid interacting with helium flushed vials. Samples were maintained at 25
degrees Celsius for the process to occur over a one - to two-day period as well as during
the analysis. If the samples began the cycle as a gas mixture, they were transferred to
vials using one of two methods. One method used the vacuum backfill fine containing
three evacuations and fill per vial. The other method involved a five-minute flush (~30
mL/min) using the CTC Analytics GC PAL Autosampler (Harlow 2019).
Collagen Carbon and Nitrogen Isotope Ratios
Samples for carbon and nitrogen collagen isotopic analysis are converted to CO2
and N2 gases by utilizing an elemental analyzer. The ECS 4010 CHNSO Analyzer, an
advanced analytical platform utilized in the determination of nitrogen and protein, used
flash combustion / chromatographic separation and multi-detector techniques to produce
results. These two gases were separated by a 3 mm column while being analyzed using a
continuous flow isotope ratio mass spectrometer (Delta PlusXP, Thermofinnegan,
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Bremen). Isotopic reference materials are interspersed with samples for the purpose of
calibration (Harlow 2019).
Apatite and Collagen Carbon Isotope Ratios
Carbon isotope ratios were previously reported in parts per thousand (per mil)
relative to VDPB by labeling a specific value of ± 1.95 per mil to NBS 19 CaCO3. More
currently, however, the National Institute of Standards and Technology (NIST) method of
calibration regarding VPDB used two anchor points. One point was NBS 19 and the other
was NIST RM 8545 lithium carbonate (L-SVEC). The 2-sigma uncertainly found in
carbon isotope materials is denoted as 0.5 per mil unless it is known otherwise. Each of
the samples were also normalized using internal running standards. The standards were
calibrated to NBS 19, RM 8542, and IAEA-CO-9 (Harlow 2019).
Nitrogen Isotope Ratios
Nitrogen isotope ratios are displayed in per mil relative to the N2 found in air. The
2-sigma uncertainty found in nitrogen isotope materials is indicated as 0.5 per mil unless
it is described otherwise. The samples for nitrogen isotopes were normalized using
multiple internal running standards. These standards were calibrated to USGS 32, USGS
25, and USGS 26 for the analysis (Harlow 2019).
Samples
There were 346 skeletal elements excavated with 152 bones being identified. The
remains were analyzed in Mexico as a part of Kaeden O’Brien’s 2017 senior thesis.
Direct AMS radiocarbon dating of bone remains from the burial found the uncalibrated
age to be 1197 ± 23 years BP. Using the two sigma calibrated calendar range, the remains
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are estimated to be from AD 760 - 890. These remains while within the Epiclassic period,
are at least a century later than the expansion of the Chicoloapan settlement around AD
600 (Clayton 2016). The remains were commingled and bones of the five individuals
matched by age and sex indicators. There were two males, two females, and one
individual of unknown biological sex. O’Brien (2017) used tooth wear to estimate the age
for the five individuals. Tooth and bone samples were exported for each of the
individuals. First molars, the earliest forming permanent teeth, were selected as proxies
for diet and residence during infancy and early childhood. A bone sample was selected to
represent diet at the end of life.
Individual A
Individual A included the nearly complete skull of a female that was fragmented
into three parts. Age wear was used to estimate the age-at death. Dentin exposure
signifies an older age, so that individuals within the same population can be ranked,
youngest to oldest. Comparison to other age-at-death charts provides an estimate of
whether the individual was a young, middle-aged, or old adult at the time of death.
According to the pattern, she was most likely a young female. She had little tooth wear
compared to other older individuals. However, the eruption of a third molar ruled out that
she was a young adolescent.
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Figure 3: Images of lower (A) and upper (B) teeth for Individual A (O’Brien 2017)

Figure 4: Image of the cranium from Individual A (O’Brien 2017, Figure 3).
Individual B
Estimated biological sex for Individual B was likely a female. The teeth were
more worn, which means the female was estimated as slightly older (Figure 5). However,
there was no fully exposed dentin on the third molar. O’Brien (2017) interpreted the age
at death for the individual to be 30 and 40 years of age.
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Figure 5: Image of teeth for Individual B (O’Brien 2017).
Individual C
The biological sex of Individual C was estimated to be male (see frontal bone
(forehead) in Figure 6). Individual C possessed the most complete male cranium used in
the study. The teeth showed significantly more wear than other samples collected. The
dental attrition suggests the approximate age of Individual C was over the age of 50 at the
time of death.

A

B

Figure 6: Images of teeth (A) and partial cranium (B) for Individual C (O’Brien 2017).
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Individual D
Individual D is displayed by a mandible with several missing teeth over the
course of his life (antemortem). The estimated biological sex of Individual D is male. The
teeth of this individual were heavily worn, but molars still had visible cusps. The
estimated age for this male was 30-40 years old.

Figure 7: Image of teeth for Individual D (O’Brien 2017).
Individual E
Individual E is represented by only a partial mandible, which has male traits. The
wear on the teeth suggest that the age of the individual died as a young adult (20 - 30
years old) (O’Brien, 2017).

Figure 8: Image of the right hemi-mandible of Individual E (O’Brien 2017).
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Teeth Catalog
Lab Number

UM285
UM286
UM287
UM288
UM289

Individual
A

Tooth

left lower first molar

B

left lower first molar

C

left upper second molar*

D

right lower first molar

E

right lower first molar

Table 1: Individual A - E corresponding lab number and type of sample.
*The first molar had too little enamel remaining for this individual that we sampled M2,
also remarkably worn.
Bone Samples
Along with teeth, bones were collected for stable isotope analysis. There were
several bones used in the research. O’Brien (2017) attempted to match bones to
Individuals A - E, but bones would generally be assigned only as male, female, adult or
adolescent and not to a specific individual (Figure 9). An additional individual
approximately 37 - 40 weeks of age, a perinate, (Carolyn Freiwald, personal
communication) was identified in the University of Mississippi lab from an unidentified
mammal bone sent as a baseline sample.
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Figure 9: Image of a proximal tibia possibly from Individual D or E (O’Brien, 2017,
Figure 28).

Figure 10: Image of leg bones (femora and tibiae) collected from multiple adults
(O’Brien, 2017, Figure 24).
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Figure 11: Image of arm bones (humeri and radius) collected from multiple adults.
(O’Brien, 2017).
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RESULTS
The carbon, nitrogen, oxygen, and strontium isotope assays from the teeth and
bones were all successful. No values failed for insufficient collagen and the ratios of C:N
fell within accepted values. There were no statistical outliers to indicate anomalous
values that might signal migration, and values were compared to baseline samples taken
from Chicoloapan Viejo and values in the Basin of Mexico and elsewhere in
Mesoamerica. All of the values obtained fell within two standard deviations of the mean
value. With no outliers, these individuals were likely local residents of the Valley of
Mexico, and most likely of Chicoloapan Viejo (Table 3). I will first describe how
strontium and oxygen values are used to separate local and non-local populations, and
then discuss diet and how it, through the strontium and oxygen stable isotope values,
displays migratory patterns. The diet of these individuals can then be constructed through
carbon and nitrogen isotope values.
Teeth Stable Isotope Results
Individual

δ13CVPDB

δ18OVPDB

(87Sr/86Sr)

A
(UM285)

-0.41

-3.91

0.704553

B
(UM286)

-3.40

-4.16

0.704521

C
(UM287)

0.77

-4.42

0.704518

D
(UM288)

-1.75

-4.30

0.704542

E
(UM289)

-1.99

-5.13

0.704581
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Teeth Stable Isotope Results
Human Average

-1.36

-4.38

0.704543

SD

1.59

0.46

0.000026

2 SD range

-4.54 to 1.83

-3.47 to -5.30

0.70449 to 0.70459

Table 2: Carbon, oxygen, and strontium isotope values from Individuals A – E.
Migration
Strontium
The average Sr isotope value for the five individuals was 0.704543, with values
ranging from 0.704518 to 0.704553 87Sr/86Sr (Figure 12). There were no statistical
outliers in the sample and all values fell within two standard deviations of the mean.
A sample from the enamel of a pocket gopher incisor collected from the site
(UM290) returned a value of 0.704545 87Sr/86Sr that is nearly identical to the average
strontium values for Individuals A - E of 0.704543 ± 0.0005. These similar strontium
isotope ratios suggest that these individuals were buried near their childhood places of
birth. The value also is similar to other sites (Figure 13) near Chicoloapan, including
Teotihuacan, but is lower than values at sites to the west and outside the valley.
Therefore, the values represent individuals local to the region, and likely to the site of
Chicoloapan Viejo without excluding the possibility of an origin for any of the
individuals elsewhere in Central Mexico or their migration occurring between birth and
burial.
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(87Sr/86Sr)
0.704600

0.704573

0.704545

0.704518

0.704490

A

B

C

D

E

Individual
Figure 12: Bar graph of strontium isotope values in tooth enamel for Individuals A - E.

Figure 13: Map of strontium isotopes for Valley of Mexico (Freiwald & Price in review).
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Oxygen Isotope Values - Migration
The average stable oxygen isotope value was -4.38‰ ± 0.48 (Figure 14). The
average O isotope value for the surrounding Teotihuacan area was -4‰ ± 1.24 (Figure
15). The values obtained from Individuals A - E fell within two standard deviations of the
mean for oxygen values and there were no statistical outliers observed in the group. The
values are somewhat lighter than values at nearby sites Teotihuacan and Chapantongo to
the north, as well as sites such as Tzintzuntzan west of the Valley of Mexico.

δ18OVPDB

0.00

-1.50

-3.00

-4.50

-6.00

A

B

C

D

E

Individual
Figure 14: Bar graph of oxygen isotope values found in tooth enamel for Individuals A E.
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Figure 15: Map of oxygen isotope values for bone in the Valley of Mexico (Price, et al.,
2010: 9 Figure 8).
Carbon
The average C isotope values found in the tooth enamel of Individuals A - E is
-1.36 ± 1.59‰ (Figure 16). The large standard deviation is due to the value of Individual
B’s first molar, which differed from the rest of the small sample even as it was not a
statistical outlier from either the mean or the median-based interquartile range. The
individuals had significantly enriched δ13C values, similar to other sites in the Basin of
Mexico such as Teotihuacan, which had an average value δ13C of -2.00 ± 1.5‰.
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δ13CVPDB
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B

C

D

E

Individual
Figure 16: Bar graph of carbon isotope values found in tooth enamel for Individuals A E.
Diet using bone collagen and apatite
Collagen
WSU Sample ID

δ13CVPDB x 1000

C%

δ15NAIR x 1000

N%

CV17 CV-0745

-8.3

42.57

9.57

15.743

CV18 CV-0746

-7.97

42.12

9.56

15.530

CV20 CV-0747

-8.71

43.87

9.68

16.255

CV21 CV-0748

-7.87

42.96

9.05

15.920
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Infant CV-0749

-7.48

42.14

10.54

15.541

Table 3: Carbon and nitrogen isotope values from bone collagen for Individuals A - E
Carbon
Carbon stable isotopes found in collagen show the average stable carbon isotope
value found in four of the individuals and a 6th individual represented by a single infant
bone. The average carbon isotope value is -8.07 ± 0.46‰ (Figure 17). The values of all
individuals fell within two standard deviations of the mean, with a range of -8.71 to -7.48
(Table 5). The narrow range of values generally show high C4 input into the dietary
protein of individuals. The average carbon isotope value for the surrounding households
from Teotihuacan was -7.68 ± 2.60‰ (Nado 2017).

δ13CVPDB x 1000
0.00

-2.25

-4.50

-6.75

-9.00

A

B

C

D

Individual
Figure 17: Bar graph of carbon isotope values found in bone collagen.
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E

Nitrogen
Stable nitrogen isotope values show all individuals fell within two standard
deviations of the mean. The average nitrogen value for these five individuals was 9.68 ±
0.54‰ (Figure 18). Individual E had the highest value, which may relate to the trophic
level shift represented by being nursed. The average nitrogen value for the surrounding
areas was 9.272 ± 0.73‰ (Nado 2017).

δ15NAIR x 1000
11

8.25

5.5

2.75

0

A

B

C

D

E

Individual
Figure 18: Bar graph of nitrogen isotope values in bone collagen.
Apatite
With reconstructing the whole diet, carbon isotope values in bone apatite were
used. Carbonate obtained from the bone apatite was used to interpret the diet for the
Chicoloapan Viejo residents, Individuals A - E (Table 4).
37

Carbonate

WSU Sample ID

∆13CcaVPDB

SD of vial (13C)

C%

CV-745

-3.08

0.09

0.580

CV-746

-2.88

0.05

0.431

CV-747

-3.24

0.06

0.457

CV-748

-2.86

0.1

0.457

-3.55

0.05

0.733

Infant CV-0749

Table 4: Carbonate isotope values from bone collagen for Individuals A - E.
Carbon isotope values from carbonate (Cca or CO2-) show that the Chicoloapan
individuals all fell within two standard deviations of the mean with no statistical outliers,
revealing a very similar diet, including the infant. This carbon input is representative of
the total diet, not just the protein. The narrow range of values denoted a similar diet
consisting of plants and animals. The carbon values found in carbonate were more
positive than the carbon values for protein. The average carbonate value for the
individuals from Chicoloapan Viejo was -3.12 ± 0.29‰ (Figure 19). The average carbon
isotope value for the households at Teotihuacan was -3.21 ± 0.79‰ (Nado 2017).
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δ13CcaVPDB
0.00

-0.92

-1.85

-2.78

-3.70

A

B

C

D

E

Individual
Figure 19: Bar graph of carbonate values found in bone apatite for Individuals A - E.
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DISCUSSION
The six individuals from Chicoloapan Viejo reveal how stable isotopes are useful
in reconstructing diets and identifying local or non-local individuals. Strontium and
oxygen isotope values show that this small population was local to Chicoloapan and/or
the region. The local strontium and oxygen isotope values showed little to no migration.
The dietary consumption of primarily C4 resources in both terrestrial plants and proteins
were similar to other populations in the valley, suggesting that this was a regional diet
and that there were not significant local variations. Using a scatter plot of strontium and
oxygen, we can look at migration. A scatter plot of nitrogen and carbon represents diet.
Migration
Biogeochemical studies of stable strontium isotopes have proven effective in
directly testing the presence of paleomobility within the Basin of Mexico. The teeth show
the strontium isotope average value for Chicoloapan Viejo is 0.704543. All individual
values fell within the two standard deviations ranging from 0.70449 to 0.70459, 87Sr/86Sr,
which suggests that Individuals A - E were local to the Valley of Mexico region, and that
this is the value for people residing at Chicoloapan Viejo. The average of the surrounding
strontium isotopes in the Valley of Mexico was 0.704543 ± 0.0005, which reflect the
volcanic-derived values composing much of the Basin of Mexico (Figure 20).
More specifically, the values reflect the geologically younger volcanic basalts,
rhyolites, or andesites found within the Basin of Mexico. Higher values in marine
carbonates and metamorphic formations are generally found outside the valley such as
the region surrounding the valley (Figure 13).
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(87Sr/86Sr) vs δ18OVPDB
0.708

(87Sr/86Sr)

0.707

0.706

0.704

0.703

-14

-10.75

-7.5

-4.25

-1

δ18OVPDB
Conjunto Noroeste
La Ventilla
San José
Chicoloapan Viejo

Tetitla
La Ventilla Frente
Tlailotlacan

Zacuala
San Antonio de las Palmas
Feathered Serpent Pyramid

Figure 20: Scatter plot of average strontium/oxygen values (Teotihuacan data from Nado
2017).
Oxygen isotopes found within the enamel were averaged to -4.38 ± 0.48‰. There
was little statistical difference with an average δ18O value for the surrounding
Teotihuacan area, which is -4 ± 1.24‰ (Price, et al., 2010: 9 Figure 8).
The values of Chicoloapan appear as outliers on the graph compared to the
surrounding area, but they are not. Nado sampled tooth and bone as shown in Figure 20.
The comparison of bones and teeth require a conversion that was done for carbon, but not
for oxygen. Values sampled from tissues are not directly comparable so there is a 1.7 per
mil potential difference among these samples. Other differences include interlab
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comparability and treatment (method) differences, which can affect the values. (Warinner
& Tuross 2009) With the conversion being taken into account, the Chicoloapan Viejo
values would have blended in more with the others.
With the values being so similar after conversion, it is safe to assume that little
movement outside of short range migrations were present in the growing community or
that migration within regions with similar values would not be identified. There were no
significant outliers from the normal range for other sites in the Central Highland Region
of ancient Mexico.
Diet
For childhood diet, the average of δ13C values found in the tooth enamel of
Individuals A - E was -1.36 ± 1.59‰. The mean values of δ13C in tooth enamel from
Chicoloapan Viejo varied greatly from other samples in Mesoamerica, but not as much
within the Valley of Mexico. The individuals had significantly enriched δ13C values. This
indicates a unique carbon ratio of these people that could possibly set them apart from
other locations due to types of plants native to the area, and later cultivated in the Valley
of Mexico.
δ13C values found in bone collagen display adult diet. The average value for
Individuals A - E was -8.07 ± 0.46‰. The average for these individuals was similar to
that of surrounding sites with an average of -7.68 ± 2.60‰ (Figure 21).
This demonstrates that populations living in the region shared a similar diet that
were heavily reliant on C4 resources. The values indicate a high carbohydrate centered
diet. The carbon values show the diet of the people living in Chicoloapan Viejo and other
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parts of the Valley of Mexico region. The Hatch-Slack photosynthetic pathway
predominantly included dry food crops such as maize, which we can assume was a staple
dish consumed by Individuals A - E. According to Nado (2017), it is predicted that the
people also consumed other plants that contained CAM pathways such as cacti. This also
could contribute to the high C4 values. The residents of Chicoloapan Viejo would have
had a high consumption of maize shown due to the agricultural nature of their community
or agave drinks like pulque. This does not statistically stand out from other regions
because maize was a staple crop throughout ancient Mesoamerica.

δ15Ncollagen(AIR) vs δ13Ccollagen(VPDB)
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δ15Ncollagen(AIR)

10.5

9

7.5

6

-11

-9.5

-8

-6.5

-5

δ13Ccollagen(VPDB)
Conjunto Noroeste
Tetitla
Zacuala
La Ventilla
La Ventilla Frente
San Antonio de las Palmas
San José
Tlailotlacan
Feathered Serpent Pyramid at Teotihuacan
Chicoloapan Viejo
Figure 21: Scatter plot of average carbon/nitrogen values found in bone collagen
(Teotihuacan data from Nado 2017).
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The average δ15N values for Individuals A - E was 9.68 ± 0.539. There was no
indication of significant differences in consumption of animal protein between
Chicoloapan Viejo’s residents and those of surrounding sites (Figure 21). The residences
at Teotihuacan’s nitrogen average isotope was 9.27 ± 0.73 (Nado 2017). The values
indicate similar dietary proteins had been consumed over the Valley of Mexico region.
According to the results, it is predicted that the people of Chicoloapan Viejo and
surrounding areas were secondary consumers, or omnivores. The δ15N values also show
the protein in plants being consumed have higher levels due to being grown in more arid
conditions. This supports the assumption of a high C4 diet of dry food crops within the
population and primarily the consumption of maize. The collagen versus apatite results
display that eating animals that also consume C4 plants could attribute to the higher δ15N
values found in plant proteins.
The samples from Chicoloapan Viejo had an average carbonate isotope value of
-3.12 ± 0.29‰. The average carbonate isotope value for the Teotihuacan area was found
to be -3.21 ± 0.79‰. δ13Cca is useful in determining the high percentage of maize in the
diets of the six individuals in the sample and is particularly interesting because the infant
consumed a diet similar to the adults. The comparative values indicated a similar dietary
pattern across the region. Due to carbonate in bone apatite representing the whole plant,
we can predict that maize and other C4 plants (agave) were staple crops across the
Mesoamerican region.
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CONCLUSION
Analysis of the diet and mobility at Chicoloapan Viejo provides information on
Epiclassic diet and mobility. Using carbon and nitrogen isotope values, consumption of
specific plants and animals can be identified. Oxygen isotope values could be the next
subject of research to determine possible migration patterns from variations in imbibed
water. Strontium isotope levels suggest possible migration patterns of people from
Chicoloapan Viejo from the regional areas such as the capital, Teotihuacan. Overall, it
contributed to the understanding of inter-regional variations.
Data collected from Chicoloapan Viejo showed a range of isotope values that was
not as dispersed as those found within the residential areas of Teotihuacan. These values
could stem from either sample quantity or a possible homogenous diet. It could also be a
representation of a shift in economic systems that would impact the dietary patterns.
Strontium levels were also seen within a narrow range for the samples. While this could
also be indicative of the limited number of samples analyzed, this narrow range of
strontium isotope values could indicate mobility. Location of food sources within a
specific region of the Valley of Mexico could expand on regional mobility rather than just
long distance.
Over time, there appears to be very little difference in the isotopic signatures of
Teotihuacan and Chicoloapan Viejo. To better understand the relationship between the
two and find discernible characteristics of each, further research is needed. There have
been many samples collected for strontium isotopes, but most of them were centered on
Teotihuacan. It would be notable to further research the people they interacted with and
45

study the aftermath of its ruins like what was done with Chicoloapan Viejo. Further
research is also recommended to see what peoples’ lives were like in the valley after
Teotihuacan and before the Aztec Empire hundreds of years later.
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